N early 1.3 million Americans undergo knee surgery annually 1 . The rate of recovery is known to be affected by damage-related factors such as the severity, chronicity, and location of injury; the specific tissues and structures involved; preexisting conditions (e.g., degenerative joint changes); and age [2] [3] [4] [5] [6] . Importantly, a robust immune response mediates effective wound-healing, protects against infection, and is likely to be a key determinant of recovery following surgery. However, much remains to be known about the influence of immune factors on postoperative outcomes.
In the present study, we tested the hypothesis that specific blood immune cell redistribution profiles, which can be identified with relative ease during surgery, would predict inter-individual differences in recovery following surgery. This a priori hypothesis was based on findings of preclinical studies showing that, in contrast with chronic stress, which mediates well-known health-aversive effects [7] [8] [9] [10] [11] , an acute, fight-or-flight stress response, lasting for minutes to hours, induces specific changes in blood leukocyte distribution and other immune parameters and enhances innate and adaptive immune responses in organs (e.g., skin, subcutaneous tissue, and sentinel lymph nodes) to which leukocytes traffic during stress [12] [13] [14] [15] [16] [17] . Early during an acute stress response (within ten to thirty minutes), lymphocyte and monocyte numbers increase in the blood stream as these cell types are mobilized from organs like the spleen and the marginated pool [18] [19] [20] [21] [22] . Later (within 0.5 to four hours), blood lymphocyte and monocyte numbers decrease as these cell types traffic to (and marginate within) blood vessels of tissues like the skin, subcutaneous tissues, and sentinel lymph nodes 15, [19] [20] [21] [22] [23] . Importantly, such leukocyte redistribution is related to a robust enhancement of innate and adaptive immune responses within target organs to which leukocytes traffic during acute stress 12, 14, 16, 17, 19, 20, 24, 25 . We reasoned that stress that is experienced during surgery is likely to elicit a clinically relevant fight-or-flight stress response during which immunoenhancement is likely to be beneficial for wound-healing and recovery. On the basis of preclinical findings, we predefined ''adaptive'' surgery-induced lymphocyte and monocyte redistribution profiles as those involving an increase in leukocyte numbers early during surgery, followed by a decrease later, and an ''adaptive'' neutrophil redistribution profile as one involving an overall increase in neutrophil numbers. To our knowledge, this model of leukocyte redistribution has never before been tested in human subjects, and no studies have tested the predictive power of leukocyte redistribution in terms of clinical recovery. Here we proposed that changes in blood leukocyte numbers would provide a clinically relevant index of leukocyte redistribution in the body. We tested the hypothesis that adaptive blood leukocyte redistribution profiles observed during surgery will predict enhanced recovery. Moreover, because research has indicated that women undergoing major orthopaedic procedures such as total hip or knee arthroplasty and laminectomy tend to have lower preoperative and postoperative function than men do 26 , we examined differences between the sexes in terms of blood leukocyte distribution profiles and recovery.
Materials and Methods Participants
P atients who had been referred to a university-affiliated sports medicine clinic for elective arthroscopic knee surgery were recruited to participate in a prospective, longitudinal study examining factors promoting surgical recovery. The inclusion criteria were an age of seventeen to eighty years, nonsmoking status, no previous surgery on the symptomatic knee, normal knee function of the contralateral knee, no history of bilateral knee injury, no chronic comorbid conditions (including collagen, heart, or lung-related diseases) that resulted in restricted physical activity, no pregnancy, and no requirement for emergency surgery. All participants had been physically active prior to the meniscal injury. Only three participants required cane or crutch support; the remaining participants were able to walk without support. All procedures were scheduled to be performed in the morning to control for circadian differences in the numbers of circulating leukocytes. Power analyses were conducted on the basis of the results of a pilot study that determined that a sample size of sixty would be larger than required to observe group differences in the variables of interest. Of the sixty-five patients who completed a preoperative interview and baseline blood drawings, three were excluded postoperatively because of the need for more extensive surgery, and five patients dropped out of the study at the time of surgery, leaving fifty-seven patients, including twenty women (35%) and thirty-seven men (65%). All fiftyseven patients completed a minimum of two postoperative interviews; fifty-one (89.5%) of these patients completed the final postoperative interview, with 7% of the outcome data missing across visits. Six patients were lost to follow-up through Week 48. Approval for all procedures was obtained from the Yale University Human Investigations Committee. Participation in the study was completely voluntary and did not affect the delivery of health care in any way.
Procedures
Patients scheduled for meniscectomy were screened and recruited by telephone three to sixty days prior to surgery. All procedures were performed by the same surgeon (P.J.). All surgical procedures were performed through a two-portal arthroscopic anterior approach. Procedures included meniscectomy and related repairs, including minor arthroscopic procedures inside the knee joint such as débridement, chondroplasty, and simple intra-articular meniscal repairs; no inside-out or outside-in repairs were included. Most patients underwent a partial meniscectomy, and some also had a local chondroplasty or related synovectomy. Patients undergoing other, more involved procedures were excluded. No patient required an arthrotomy. In addition to ensuring that all procedures were performed by the same surgeon, general gas anesthesia conditions were also kept as uniform as possible among patients. The severity of osteoarthritis was graded with use of the modified Outerbridge articular surface grading scale 27 . A score for each of the medial, lateral, and patellar surfaces was recorded by the surgeon at the time of surgery on a rating scale ranging from 0 to 4. The articular surface grading scale score of the most arthritic of the three joint surfaces was used as the final score.
Data Collected at Medical Appointments
Data were collected one to thirty days preoperatively and at one, three, eight, sixteen, twenty-four, and forty-eight weeks postoperatively. At each visit, the patient was examined by an orthopaedic surgeon who completed structured ratings of effusion and knee function. Effusion was rated on a 4-point scale as 0 (none), 1 (mild), 2 (moderate), or 3 (tense). These ratings were later collapsed for analyses to classify patients into two groups: (1) no or mild effusion, and (2) moderate or tense effusion. The Lysholm scale was used to measure knee function (as described below). Age, sex, and body mass index data were collected at the preoperative time point. Demographic information was also collected during this interview. Each postoperative interview lasted approximately fifteen minutes. Patients who were enrolled in the immunology sub-study agreed to repeated blood testing. A trained research assistant conducted morning ''baseline'' blood drawings three to ten days prior to surgery. Drawing the blood in the morning ensured control for circadian effects. On the day of surgery, an anesthesiologist obtained blood samples in the operating room immediately prior to the administration of anesthesia (the ''pre-surgery'' time point). A nurse obtained the postoperative blood sample immediately on the patient's arrival in the recovery room approximately 0.5 to one hour following surgery (the ''post-surgery'' time point). Blood samples were collected in heparinized Vacutainer tubes (Becton Dickinson, Franklin Lakes, New Jersey) at room temperature and were transported at room temperature in an insulated container to the immunology laboratory for analyses.
Primary Outcome Measure
The Lysholm rating scale, a gold-standard measure for knee function, assesses mechanical function of the knee, mobility, pain, and the ability to perform daily activities 28 . It is the most widely used patient-reported knee function outcome instrument in orthopaedic research [29] [30] [31] [32] and has demonstrated reliability and validity 33 . Items are differentially weighted on the basis of clinical criteria, and a summary score ranging from 0 to 100 points is obtained, with a higher score reflecting better knee functioning. Lysholm scores were assessed preoperatively and at all postoperative interviews. Trained research staff administered the Lysholm scale. Each Lysholm scale item was read aloud by the staff, and patients were given the responses for each item to review, were allowed to ask questions if necessary, and then were asked to provide a response. This method has the advantage of quantifying postoperative recovery in various dimensions that do not involve a subjective evaluation by the treating physician.
Leukocyte Mobilization, Trafficking, and Redistribution White blood-cell counts were obtained with a hematology analyzer (Sysmex America, Mundelein, Illinois). Lymphocyte, monocyte, and neutrophil differentials were based on forward-versus-side-scatter parameters on a flow cytometer (FACSCalibur; Becton Dickinson, San Jose, California). The definitions of mobilization, trafficking, and redistribution (calculated as described below) were based on findings from preclinical studies 12, 13, 15, 18, 19, 21, 22 . Mobilization is defined as a short-term increase (relative to resting baseline) in the absolute numbers of immune cells in the blood [19] [20] [21] [22] . This increase is mediated by immune cells leaving organs like the spleen and bone marrow and entering the bloodstream. Mobilization makes more leukocytes available for recruitment at sites of immune activation (e.g., a site of surgery). Mobilization was calculated by subtracting resting baseline numbers (obtained three to ten days before surgery) from preoperative numbers (obtained immediately before anesthesia) of blood lymphocytes, monocytes, and neutrophils. Trafficking is defined as a short-term decrease (relative to the resting baseline or peak mobilization numbers) in the absolute numbers of immune cells in the blood that reflects leukocytes leaving the lumen of the circulatory system and either extravasating through normal tissue-surveillance pathways or marginating within blood vessels of tissues like the skin and subcutaneous tissues that are likely to be compromised during stress (e.g., wounding by a predator or, in this case, the surgeon) [19] [20] [21] [22] . Lymphocyte and monocyte trafficking scores were derived by subtracting postoperative cell numbers (obtained immediately after surgery) from preoperative cell numbers. In contrast to blood lymphocyte and monocyte numbers that initially increase (mobilization) and then decrease (trafficking to surveillance pathways) during stress, neutrophils tend to show a biphasic increase during stress 13, 34, 35 , which is in keeping with their function, which does not involve extravascular surveillance in the absence of inflammation. Therefore, neutrophil increase scores were calculated by subtracting baseline neutrophil numbers from postoperative neutrophil numbers. Redistribution is defined as the total movement of a specific immune cell subpopulation from the ''barracks'' (spleen, bone marrow) to the ''boulevards'' (bloodstream) and on to potential ''battle-stations'' (skin, subcutaneous tissue, sentinel lymph nodes) [19] [20] [21] [22] . Redistribution scores were obtained for lymphocytes and monocytes by taking the mean of the mobilization and trafficking scores for each individual. Neutrophil redistribution was calculated by taking the mean of the neutrophil mobilization and increase scores. For each variable, higher scores represented a hypothesized more adaptive immune response to surgery. Median splits were calculated for each redistribution score, and patients were classified as ''high redistributors'' or ''low redistributors'' for each immune cell variable.
Statistical Methods
Mixed-model repeated-measures analyses controlling for age were used to test whether immunological redistribution profiles were significant predictors of recovery over time and whether differences between the sexes in terms of surgical stress-induced leukocyte distribution corresponded with differences between the sexes in terms of postoperative recovery.
An advantage of mixed-model repeated-measures analytic strategies is their ability to estimate missing observations. In addition, mixed-model analyses offer solutions for other potential problems, including serial correlation, time-varying covariates, and irregular measurement periods [36] [37] [38] . Analyses involving Pearson correlations examined individual relationships between leukocyte redistribution scores and recovery scores at postoperative Weeks 1 and 24. T tests and chi-square analyses compared differences between the sexes in terms of demographic and immunological status prior to surgery. T tests examined differences between the sexes in terms of demographic and immunological status prior to surgery only in order to determine preexisting differences between the sexes with variables that could potentially qualify results. T tests were used on numerical data only, and the two groups were always male/female; no T tests were used to compare before/after values. Chi-square analyses were used with categorical data. Chi-square analyses were also conducted to examine the association between effusion and immunological status.
Source of Funding:
Funding for this research came from the National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS) (RO1-AR-46299). NIAMS did not play any other role in this investigation. Funds were used to provide salary support and materials for the study.
Results

Sample Characteristics
T he patients ranged in age from twenty-four to seventy-five years. Table I shows demographic characteristics and Lysholm scores according to sex. Participants were predominantly white and of moderate to high social class. Women were less likely than men to be married or living with a partner (p < 0.01), had a lower level of familial income (p < 0.05), and had lower preoperative knee function as indicated by a lower mean Lysholm score (41.7 compared with 63.6; p < 0.001), confirming previous reports 26 .
Immune Cell Redistribution Profiles as Predictors of Recovery
A mixed-model repeated-measures analysis involving time, sex, age, the extent of osteoarthritis, and lymphocyte, mono- cyte, and neutrophil redistribution profiles was conducted to determine the effects of redistribution on recovery (Table II) . The analysis revealed that time and sex were significant predictors of recovery, with Lysholm scores increasing in a linear fashion over time as expected. Men had higher Lysholm scores over time. In addition, the analyses also revealed that lymphocyte and monocyte redistribution profiles were significant predictors of recovery. Figure 1 presents the estimated average Lysholm scores over time for high and low lymphocyte ( Fig. 1, A) and monocyte ( Fig. 1, B ) redistributors with men and women combined. Subjects who showed a greater magnitude of lymphocyte and monocyte redistribution during surgery stress also showed better recovery. Moreover, in order to examine relationships between surgery-induced blood leukocyte redistribution profiles and postoperative recovery at specific weeks, we correlated lymphocyte and monocyte redistribution scores with Lysholm scores at Weeks 1 and 24. These time points were chosen because Week 1 represents the start of the recovery trajectory and Week 24 represents the time by which maximum recovery is attained. Lymphocyte redistribution during surgery was significantly and positively correlated with Lysholm scores at Week 1 (r = 0.45, p < 0.001) and Week 24 (r = 0.46, p < 0.001). Monocyte redistribution during surgery was significantly and positively correlated with Lysholm scores at Week 1 (r = 0.28, p < 0.05) but not at Week 24 (r = 0.17, p = 0.233). Figure 2 shows scatter plots for lymphocyte redistribution during surgery and recovery at Week 1 (Fig. 2, A) and Week 24 (Fig. 2, B) .
We also examined relationships between surgery-induced lymphocyte, monocyte, and neutrophil redistribution profiles and preoperative and postoperative effusion that served as an index of local inflammation of the affected joint. Chi-square analyses revealed that there were no associations between preoperative levels of effusion and surgery-induced immune cell redistribution (i.e., preoperative effusion scores were not associated with the classification of the patient as a high or low lymphocyte, monocyte, or neutrophil redistributor) (p > 0.05 for all). Interestingly, for the postoperative effusion measure, analyses revealed that high lymphocyte redistributors were more likely to have a significantly lower effusion at Week 1 following surgery (chi square = 4.94, p = 0.026). This was in agreement with the fact that patients who were high lymphocyte redistributors also showed higher Lysholm scores at Week 1, thus showing better recovery as had been hypothesized.
Differences Between Sexes in Immune Cell
Redistribution Profiles There were significant differences between the sexes in immune cell redistribution such that women showed less adaptive redistribution profiles than men did (Table III) . For lymphocytes and monocytes, women showed lower mobilization, trafficking, and overall redistribution (p < 0.05), whereas no significant differences were observed between the sexes in terms of neutrophil redistribution. 
Differences Between Sexes in Postoperative Recovery
Differences between the sexes in terms of surgical stressinduced immune cell redistribution corresponded with differences between the sexes in terms of recovery following surgery. Women showed lower knee function at baseline as compared with men. We examined whether there were differences between the sexes in the extent of osteoarthritis, but the correlation between sex and articular surface grading scale scores was not significant. Additional mixed-model analyses examining recovery of knee function in the context of sex by leukocyte redistribution interaction effects revealed significant three-way interaction effects for two leukocyte subpopulations: lymphocyte redistributor group · sex · time (F = 3.29, p = 0.02) and monocyte redistributor group · sex · time (F = 1.94, p = 0.05). Follow-up post hoc tests were conducted to determine the nature of these interactions. Figure 3 , A and B, presents the estimated average Lysholm scores over time for high and low lymphocyte redistributors stratified according to sex. Post hoc univariate analyses comparing the four groups in Figure 3 , A and B, revealed differences between the sexes in the low lymphocyte redistributor group during the early phases of recovery: women who were low lymphocyte redistributors had significantly worse Lysholm scores through postoperative Week 16 than did men who were low lymphocyte redistributors (p < 0.05 across all time points). Both male and female high lymphocyte redistributors showed similar recovery patterns. Among patients of the same sex, low and high lymphocyte redistributors displayed different patterns of recovery. Women who were high lymphocyte redistributors had significantly higher Lysholm scores than did women who were low lymphocyte redistributors at Weeks 3, 8, and 16 (p < 0.05). Men who were high lymphocyte redistributors had significantly higher Lysholm scores than did men who were low lymphocyte redistributors during later recovery (at Weeks 24 and 48) (p < 0.05) but not at earlier time points. This finding indicates that women who were high lymphocyte redistributors showed enhanced early recovery and that men who were high lymphocyte redistributors showed higher maximum knee function. There were no differences in Lysholm scores between women and men who were high lymphocyte redistributors across all postoperative time points. However, women who were low lymphocyte redistributors had significantly lower Lysholm scores through Week 16 than did men who were low lymphocyte redistributors (p < 0.05 at all time points). Figure 3 , C and D, presents the estimated average Lysholm scores over time for high and low monocyte redistributors stratified according to sex. Men and women were divided into high and low monocyte redistributor groups. Post hoc univariate analyses comparing male and female high and low monocyte redistributors revealed that women who were high monocyte redistributors showed significantly enhanced recovery compared with women who were low monocyte redistributors. Men who were high monocyte redistributors showed a similar magnitude of recovery compared with men who were low monocyte redistributors. With the exception of Week 16, women who were high redistributors had significantly higher Lysholm scores than did women who were low redistributors (p < 0.05 for all), whereas no significant differences were observed in the Lysholm scores of men who showed high monocyte redistribution as compared with those who showed low monocyte redistribution. Moreover, women who were low monocyte redistributors had significantly lower Lysholm scores than did men who were low monocyte redistributors (p < 0.02 through postoperative Week 16). By Week 24, women and men who were low monocyte redistributors had comparable Lysholm scores. In contrast, women and men who were high monocyte redistributors had comparable Lysholm scores throughout the entire recovery period. Thus, when lymphocyte and monocyte redistribution is high across both sexes, the difference between the sexes in terms of recovery disappears.
Discussion
T he present study represents the first clinical test of the ability of the stress-induced leukocyte redistribution model to predict the rate and magnitude of recovery following surgery. On the basis of the results of preclinical studies, we hypothesized that patients who show an increase in blood lymphocyte or monocyte numbers early during surgery, and/ or a decrease later during surgery, will show enhanced recovery. Our results confirmed this hypothesis. The results of the present study showed that surgical stress-induced leukocyte redistribution can predict (and may partially mediate) interindividual differences in recovery; specifically, individuals who showed the predefined ''adaptive'' leukocyte redistribution profile during surgical stress showed higher Lysholm scores following surgery (Figs. 1, 2, and 3) . These results also suggest that leukocyte redistribution profiles can predict the observed differences between the sexes in terms of recovery: women showed less adaptive leukocyte redistribution during surgical stress and also showed lower Lysholm scores than men did (Fig. 3) .
Immune Cell Redistribution and Recovery from Surgery: Biological Mechanisms While the findings described here need to be validated and examined mechanistically, taken together with results from numerous preclinical studies [12] [13] [14] [15] [16] [17] [20] [21] [22] [23] , they suggest that patients who show the predefined ''adaptive'' profiles of stress-induced immune cell redistribution during surgery also show enhanced wound-healing. Enhanced wound-healing and recovery is likely to be mediated by a cascade of biological events launched when a patient mounts an adaptive fight-or-flight stress response at the time of surgery. Initially, the short-term physiological stress response induces a redistribution of immune cells from their ''barracks'' (e.g., spleen, bone marrow, and marginated pool) into the ''boulevards'' (bloodstream). This results in an initial increase in blood leukocyte numbers (mediated largely by norepinephrine and epinephrine) that makes more leukocytes available for recruitment at potential sites of immune activation, including the site of surgery 21, 22, 39 . As the physiological stress response progresses, the number of immune cells in the blood decreases (mediated by epinephrine and cortisol) as cells begin to move out of the bloodstream and into potential ''battle-stations'' (e.g., skin, subcutaneous tissues, sentinel lymph nodes) and actual ''battle-stations'' (e.g., site of surgery) 21, 22, 39 . In addition to increasing leukocyte trafficking, it is also likely that acute stress enhances the functional capacity of leukocytes arriving at the site of surgery 12, 13, 21, 22 . Thus, the immune response at the site of surgery is optimized and enhanced by the activation of acute stress physiology and mediates more efficient clearance of damaged tissue and/or pathogens during the days following surgery. An optimized immune response also facilitates and promotes enhanced tissue proliferation and remodeling that go on for weeks and months, respectively, following surgery. The net long-term result of an optimized immune and wound-healing response is likely to be reduced scar-tissue formation and improved knee function as reflected in the higher Lysholm scores that were observed in patients who showed ''adaptive'' immune cell redistribution during the stress of surgery.
It is also noteworthy that women undergoing major orthopaedic procedures (i.e., total hip or knee arthroplasty, laminectomy) tend to have lower preoperative and postoperative function as compared with men 26 . However, in spite of the prevalence of minimally invasive surgery, little is known about the influence of sex on the variability of outcome. Our results showed that as with major orthopaedic surgery, women as a group demonstrated slower postoperative recovery than men did, even in the case of arthroscopy. Men showed significantly greater surgery-induced mobilization and trafficking of lymphocytes and monocytes (Table III) . Interestingly, men also showed significantly enhanced recovery (Fig. 3) . Furthermore, while women on the average had worse recovery than men did, recovery in women who were high lymphocyte and monocyte redistributors was comparable with that in men (Fig. 3) . Additional research is needed to determine why women in particular showed worse leukocyte redistribution during surgery and impaired recovery following surgery.
Factors mediating inter-individual and sex-related differences in leukocyte redistribution during short-term stressors such as surgery merit additional investigation. Trait differences in genes and in long-term exposure to stress, sex, and other hormones are likely to be important factors. State-dependent differences in relative concentrations of stress hormones (principally epinephrine, norepinephrine, and cortisol) released during surgery are also likely to be important as it has been shown that stress-induced changes in leukocyte distribution are mediated by glucocorticoid and catecholamine hormones 13, 19, 35, 40 . Although neutrophils and monocytes/macrophages play a prominent role during early stages of wound-healing, lymphocytes are involved in later stages, regulate postoperative healing and angiogenesis, and are thought to be critical for effective and optimized wound-healing [41] [42] [43] [44] [45] [46] [47] . Our data suggest that lymphocyte redistribution profiles during surgery are significant predictors of recovery. These data also raise the possibility that lymphocyte and monocyte redistribution may be trait-like measures and that individuals who show adaptive leukocyte redistribution during stress may also experience the immunological benefits of more efficient mobilization and trafficking during immune surveillance (before and during surgical wounding) and during the proliferation and remodeling phases of wound-healing (during the weeks to months following surgery) and, as a result, show enhanced recovery. Clearly, additional studies are required to elucidate the mechanisms by which surgical stress-induced changes in leukocyte redistribution predict (and may mediate) recovery.
Immune Cell Redistribution and Preoperative and Postoperative Inflammation
Preoperative inflammation is an index of the extent of tissue damage, and, if chronic, may adversely affect postoperative healing independent of the amount of original tissue damage. However, it is important to note that inflammation is also essential for successful wound-healing. An optimum inflammatory response has three characteristics: (1) it is mounted rapidly and robustly (in terms of the numbers and concentrations of immune cells and factors) following wounding, (2) it quickly removes damaged cells and pathogens, and (3) it is resolved efficiently and effectively, with most immune cells leaving the site of inflammation within days after wounding to pave the way for the proliferative and remodeling phases of the wound-healing cascades. With use of a measure of joint effusion as an index of inflammation, our study revealed that preoperative effusion was not related to immune cell redistribution during surgery, suggesting that the magnitude of preexisting joint inflammation did not affect the magnitude or profile of leukocyte redistribution during surgery. Interestingly, we observed that patients who showed higher lymphocyte redistribution during surgery correspondingly showed lower levels of effusion one week following surgery, suggesting a faster resolution of postoperative inflammation, which may have contributed to the more efficient recovery that was also observed for high lymphocyte redistributors.
Stress and Surgery
At first glance, the results described here may appear to go against the widespread expectation that stress should inhibit rather than enhance postoperative recovery. This expectation is likely to arise because numerous studies have shown that distress suppresses or dysregulates various aspects of immune function [8] [9] [10] [11] and also impairs wound-healing 48, 49 . It becomes clear that our results complement rather than contradict the well-known immunosuppressive/dysregulatory effects of stress as soon as one distinguishes the short-term, adaptive, fight-or-flight stress response from long-term, maladaptive, chronic stress or distress 12 . Studies showing stress-induced immunosuppression/dysregulation have examined largely chronic stressors, and studies involving acute stressors have not accounted for stress effects on leukocyte distribution. Acute stressors have been shown to induce large changes in immune cell trafficking and function that lead to robust enhancements in innate, adaptive, primary, and secondary immune responses 12, 14, [16] [17] [18] [19] [20] [21] 24, 25 . It has been proposed that the acute stress response is one of nature's fundamental survival mechanisms, without which neither predator nor prey could stay alive 12, 18 . It has been argued that just as this response prepares the musculoskeletal, cardiovascular, and neuroendocrine systems for fight-or-flight situations, it similarly prepares the immune system for responding to challenges such as wounding or infection that may arise due to the actions of a stressor (e.g., an attack by a lion, or a surgical procedure) 13, 18, 20 . At first glance, these findings may call into question the usefulness of stress-reduction procedures administered prior to surgery. Although additional studies are required, we propose that a reduction in chronic stress levels is likely to have beneficial effects because preclinical studies have suggested that a reduction of chronic stress may increase the magnitude of adaptive, short-term stress responses and their salubrious or health-promoting effects 20 . In agreement with these findings, clinical studies have shown that, in comparison with controls, patients undergoing abdominal surgery who had been given preoperative relaxation instructions showed decreased anxiety before and after surgery but more robust cortisol and epinephrine responses (physiological indicators of a stronger acute stress response) during surgery 50 . Importantly, studies have shown that patients who scored higher for trait anxiety or Type-A personality (likely to result in higher levels of chronic stress) showed lower cortisol and epinephrine responses (indicating a weaker acute stress response) during abdominal surgery 51 . Therefore, interventions that reduce chronic stress and optimize acute stress at the time of surgery or immune activation are likely to be beneficial.
Strengths, Weaknesses, and Future Directions
The strengths of the present study include the widely used surgical model, the prospective longitudinal design, the specific patient population, and the objective measure of recovery. This study also addresses an important gap in research because there has been limited prospective research on musculoskeletal injury and surgical recovery that has taken a comprehensive approach to identifying preoperative determinants of postoperative outcomes. A major strength is the support that the present study provides for the novel idea that the acute stress response is one of nature's fundamental survival mechanisms that may be clinically harnessed (see below) to enhance protective immunity during surgery. A major contribution comes from the fact that the findings described here could lead to the use of patient profiles of leukocyte redistribution during surgery as prognostic indicators of recovery and to the development of biobehavioral and pharmacological interventions designed to manipulate leukocyte redistribution during surgery in a way that maximizes postoperative healing and recovery. A weakness of the present study is the absence of biological measurements at the site of surgery that would help to identify specific cellular and molecular mediators of enhanced recovery. Another weakness involves the correlational nature of our findings because correlation does not prove causation. However, given the substantial amount of preclinical data on which our leukocyte redistribution model was based, it is likely that surgical stress-induced changes in leukocyte distribution at least partially mediate recovery. There are also several issues pertinent to this study that merit future investigation. First, the present study suggests that age may be inversely related to recovery, although the association did not reach significance. Therefore, it would be useful for future studies to be designed to examine the effects of age on acute stress-induced leukocyte redistribution and its relationship to recovery following surgery. However, the important finding of the present study is that when age and immune cell redistribution were included in the model, immune cell redistribution variables were significantly associated with recovery but age was not. Second, although we attempted to keep anesthesia conditions as uniform as possible among patients, future studies should be powered to quantify the potential effects of the type of anesthetic agent and the depth of anesthesia on immune cell redistribution. Third, additional research is required to determine the psychological, physiological, and immunological mediators of acute stress-induced changes in leukocyte redistribution and the acute stress-induced enhancement of postoperative recovery.
Clinical Implications
Replicating and validating these findings is a necessary and important step toward clinical application. Once that is done, there are several ways (all of which require additional validation) in which these findings could enhance clinical practice. First, given how inexpensive and straightforward it is to quantify blood leukocyte numbers, surgeons could monitor changes in leukocyte distribution during surgery. This would provide information instantaneously during surgery about whether additional intraoperative or postoperative intervention is indicated to enhance recovery, especially for patients who show a maladaptive immune cell redistribution. Second, the principal stress hormones that are known to mediate stressinduced changes in leukocyte distribution (epinephrine, norepinephrine, and cortisol) 13, 18, 19, 21, 22, 35, 52 could be administered at specific times during surgery to induce ''adaptive'' leukocyte redistribution in patients who fail to show an adaptive response. Third, the identification of mechanisms mediating adaptive as opposed to maladaptive leukocyte redistribution during stress would enable the development of pharmacological or biobehavioral interventions designed to maximize adaptive surgical stress-induced leukocyte redistribution and the related enhancement of postoperative recovery. Fourth, we hypothesize that the ability to mount adaptive immune cell redistribution responses during stress may be a characteristic that is expressed in a similar manner across different stressors. If this hypothesis is confirmed, it would open the possibility of prospectively identifying patients who are likely to show adaptive as opposed to maladaptive stressinduced changes in immune cell distribution through the administration of an appropriately designed stress test before surgery. Such prospective identification coupled with the interventions mentioned above could maximize the probability of a patient showing adaptive leukocyte redistribution during surgery, leading to enhanced recovery following surgery.
The present study identifies potential mediators of the well-known, but hard-to-explain, observation that patients with similar demographic, physical, and clinical characteristics often show large differences in the rate and extent of postoperative recovery. Our results may be applicable to a wide range of surgical procedures because the physiological stress response that is known to drive stress-induced changes in immune cell distribution 13, 14, 16, 19, 21, 22, 35, 40 is likely to be similar during different types of surgery. The present study lays the foundation for prospectively identifying patients who are likely to show low as opposed to high leukocyte redistribution during surgery and for designing psychological, biobehavioral, and pharmacological interventions to maximize the rate and extent of recovery. The important personal and economic benefits of enhanced recovery include reduced morbidity, fewer days lost from work or sports activities, more complete and long-lasting return to sports and life activities, reduced risk of reinjury, and reduced individual and societal healthcare costs. n
